A method for determining enzymatically hydrolyzable phosphate (EHP) in natural waters'
Abstract-A method for determining enzymatically hydrolyzable phosphate (EHP) in natural waters is described, based on the determination of released inorganic phosphate after the hydrolysis of organophosphoric esters by free, dissolved phosphohydrolases (mainly phosphatase) produced by the biota. The method gives higher values in highly eutrophic waters than the classical procedure of Strickland and Parsons; in samples from less eutrophic habitats the two methods give similar results. The new method is simple, accurate, and can be used in both freshwater and marine studies. It is particularly recommended for determination in hypereutrophic waters, when Pi concentrations exceed 25 pg P liter-'.
Representative field data from the euphotic zone of seven lakes and two marine habitats are presented.
Better understanding of the phosphorus cycle in aquatic ecosystems requires a knowledge not only of the concentration of soluble and particulate P fractions, which are commonly measured, but also of the 1 This work was made possible by MSEHE project MR.II.17, Poland, and by a postdoctoral fellowship awarded to R. J. Chrost by Max-Planck Society, F.R.G. biological availability of naturally occurring P compounds and of the transfer processes between them. Because orthophosphate (Pi) is generally regarded to be directly available and most rapidly assimilated by bacteria and algae (Currie and Kalff 1984) , those processes involved in the release of phosphate from organophosphoric compounds are of particular interest (Francko and Heath 1979) . Various dissolved organic phosphorus compounds (DOP) are present in the water. They are excretion and decomposition products of organisms, including P lipids, P nucleotides and their derivatives, sugar phosphates, and aminophosphoric acids (Hooper 1973; Koroleff 1983) . Orthophosphate can be made available to growing microbial populations from phosphomonoesters (PME) through the action of phosphohydrolases, mainly phosphoric monoester hydrolase (phosphatase, E.C.3.1.3). Depending on the pH optima, we classify phosphatases as alkaline (pH > 7) and acid (pH < 6); both types have been described in freshwater and marine organisms. In general, they are broadly specific against dif-ferent substrates and their action is restricted only to the P-O bond on PME.
Environmental phosphatase activity is due to enzymes from bacteria (Halemejko and Chrost 1984) , phytoplankton (Heath and Cooke 1975) , and zooplankton (Boavida and Heath 1984) . In addition to their association with plankton, phosphatases occur in solution in natural waters (Reichardt et al. 1967) .
Most natural waters have a pH above 7; thus the hydrolysis of PME by alkaline phosphatase (APA) is important in these environments. The inverse relationship between PME concentration and APA activity is consistent with the view that Pi is released from these compounds (Heath and Cooke 1975; Chrost et al. 1984) . The concentration of EHP-biologically available phosphorus other than Pi -should be measured in parallel with ambient Pi in studies of phosphorus limitation of the productivity of waters. Moreover, for some aquatic environments, determination of total P and the percentage of it that undergoes rapid enzymatic hydrolysis may prove a more useful index of P availability than routine measurements of Pi, which are sometimes of dubious validity (Chamberlain and Shapiro 1969) .
The classicial method for determining EHP (Strickland and Solorzano 1966 ) is based on the use of commercially available prepared bacterial (Escherichia coli) alkaline phosphatase for the hydrolysis of PME and subsequent release of Pi in seawater samples. Ever since Strickland and Parsons (1968) recommended this method for seawater analysis, it has been widely used, as it is the only one in the literature (Taft et al. 1977; Francko and Heath 1979; Rivkin and Swift 1979) . In our studies of the role of APA in P mineralization processes in freshwaters we tried to apply this method to the determination of EHP in hypereutrophic Lake Glebokie . In many situations, when the Pi concentration was > 50 pg P liter-l, we could not observe any release of Pi after E. coli APA was added to the water samples. Moreover, sometimes the amounts of Pi measured in samples supplemented with APA were lower than before the enzyme treatment. Our purpose here is to describe a procedure for determining EHP in natural waters and to find the reason for the limited success of the classical method in highly eutrophic freshwaters. We assume that naturally occurring, free, dissolved APA can be used to determine EHP and that the presence of free enzyme in waters enables the hydrolysis of PME and subsequent release of Pi.
Water samples were taken from the euphotic zone of seven lakes and from two marine habitats characterized by different Pi concentrations. Free, dissolved APA was determined in freshwater and seawater samples prefiltered through 0.2~pm pore-size polycarbonate membrane filters (Nuclepore Corp.). Enzyme activity was followed as the rate of hydrolysis of a phosphatase substrate, 4-methylumbelliferyl phosphate (Sigma Chem. GmbH), by detecting the released fluorescent product, 4-methylumbelliferone (7-hydroxy-4-methylcoumarin). APA was determined by incubating 4.0 ml of water sample with 0.5 ml of 4-methylumbelliferyl phosphate (final concn in assay 1O-4 M) and 0.5 ml of 10-l M sterile tris buffer (Trizma HCl + Trizma Base, Sigma Chem. GmbH) at the pH (7.6-8.8) of the sample, supplemented with 1 O-3 M magnesium (MgS04), at 25°C. Enzyme activity was measured with an SFM-25 spectrofluorometer (Kontron Instr.) as the increase in fluorescence at 445 nm under 360-nm excitation in l-cm cuvettes and recorded on a Printer-Plotter 800 (Kontron Instr.) for 30-90 min.
For determining EHP according to Strickland and Parsons ( 1968) , we used pure alkaline phosphatase (E.C.3.1.3.1) type 3 from E. coli (Sigma Chem. GmbH) . The activity of this enzyme was determined as described above but we used 10-l M tris buffer (pH 8.2) without any added magnesium.
Dissolved inorganic phosphate (Pi) was determined in samples prefiltered through 0.2-pm Nuclepore filters (Koroleff 1983) . The method used here is a modification of the Murphy and Riley (1962) procedure. The single solution reagent was split into two for greater stability: the first contained HZS04, ammonium molybdate, and antimony ions; the second was the ascorbic acid solution. The final concentrations of H,SO, and mo- lybdate were decreased from 0.2 to 0.1 M and from 0.1 to 0.045%. The smallest amount of Pi that could be determined directly was 0.3 pg P liter-l. Absorbance was measured at 880 nm in lo-cm cuvettes in a Shimadzu UV-200 double-beam spectrophotometer.
We measured the loss of activity of free APA in samples from the lakes and from the sea. Samples (100 ml) prefiltered through 0.2-pm pore-size Nuclepore filters were placed in sterile Erlenmeyer flasks at 25°C with 5 ml of pure chloroform added to maintain sterility (Berman 1969) . At zerotime and 24-h intervals triplicate subsamples were taken and APA activity was determined. A decrease of free APA activity within the experimental time (11 days) was observed (Fig. 1) . The highest loss rate of APA activity was in samples which contained large amounts of Pi: the Baltic Sea coast (3 1.2 pg P liter-l) and PluPsee (49.8 pg P liter-l).
After 5 and 10 days of the experiment the free enzymes lost from 3 to 30% and from 20 to 60% of their initial APA activity. The remaining APA activity after 10 days was able to hydrolyze substrate and release Pi from 0.279 to 1.395 pg P liter-' h-l.
We studied the influence of Pi on the activity of free APA in water samples and on the APA type 3 from E. coli, recommended by Strickland and Parsons (1968) . To 50 ml of 0.2~pm prefiltered water samples we added 1O-2 M tris buffer (pH 8.2) and from 12.5 to 1,000 pg PO, 3--P liter-l. A parallel set of samples was autoclaved to inactivate free, naturally occurring APA, and buffer, Pi, and 1 unit of APA from E. coli (Sigma Chem. GmbH) was then added. After 3 h at 25°C we measured APA activity (Fig. 2) . Free APA from PluPsee (original Pi = 10.5 pg P liter-l) and Schijhsee (original Pi = 0.0 pg P liter-l) retained 100 and 94% of their initial activities after the addition of 200 pg P liter-l. The activity was also almost unchanged after 12 h. APA from E. coli was very sensitive to Pi addition and displayed 77 and 45% of its activity after the addition of 50 and 200 pg PO, 3--P liter-l. In general, Pi inhibition of free APA in all of the samples was very low in comparison with that of APA from E. coli over a range of 12.5-200 pg P liter-l. We explain this phenom- 
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[hours] Fig. 3 . Pi release during the hydrolysis of PME by free alkaline phosphatase in the water samples from PlyBsee and Glebokie and the Baltic Sea; tp, tG, tg-time when concentration of released P, reached a plateau in samples from Plupsee, Glebokie, and the Baltic Sea. enon as either due to the constitutive nature of free phosphatases (Forsberg and Cheng 1980) or to the fact that they consisted of isoenzymes not repressible by Pi in lower concentration. The inhibition of APA by Pi is well known (Jones 1972; Pettersson 1980; Chrost et al. 1984) . According to Garen and Levinthal(l960) orthophosphate is a competitive inhibitor of APA from E. coli. The ability of Pi to inhibit APA from E. coli was utilized by Pettersson (1979) in his enzymatic method for determining the concentration of Pi in natural waters. In the light of the above results, APA from E. coli as proposed by Strickland and Parsons (1968) should not be used in hypereutrophic waters, containing high concentration of Pi, due to the inhibition of the added enzyme in the assay.
In our method we have utilized the fact that naturally occurring, free APA and other P-hydrolases have long term stability, are more resistant to Pi inhibition than the enzyme from E. coli, and can hydrolyze PME.
We propose the following procedure for EHP determination in natural waters.
Filter 100 ml of water through 0.2-pm pore-size, P-free membrane filters (the best are polycarbonate filters from Nuclepore Corp.), measure Pi concentration (Pi at zerotime), and place the filtrate in a stoppered Erlenmeyer flask. Add 1 ml of 1.0 M tris buffer (pH of sample) and 5 ml of pure chloroform (to maintain sterility) and shake well. Allow the mixture to stand at 25"-30°C for 2-5 days. During incubation remove subsamples at 12-24-h intervals and measure the concentration of Pi. Continue the incubation of sample until the concentration of Pi reaches a plateau. The content of Pi, i.e. EHP, in the enzymatically hydrolyzable DOP pool is calculated as the difference between the Pi concentration after incubation (Pi at plateau) and the initial Pi. Figure 3 presents an example of the release Of Pi during hydrolysis of PME by free P hydrolases, mainly APA, in water samples from two lakes and the sea. The time needed for the enzymatic hydrolysis of PME depended on the amount of substrate and the enzyme activity. The longest incubation time, i.e. when the concentration of released Pi reached a plateau, during our study of about 250 samples from different waters did not exceed 6 days and varied mostly between 2 and 4 days. The release of Pi from samples was clearly an enzymatic process because we did not observe any Pi release after autoclaving or inactivation of water samples.
We have compared our method with the procedure of Strickland and Parsons (1968) and estimated EHP content in samples from several lakes and the sea (Table 1) . In waters containing high Pi concentrations (3 5-l 10.5 pg P liter-') our method gives higher values of EHP than theirs. A possible explanation of this phenomenon follows from our and Pettersson's (1979) studies on the Pi inhibition of E. coli APA, which is used in the Strickland and Parsons procedure. In samples from mesotrophic or not highly eutrophic habitats (Pi range 0.0-25 pg P liter-l) the two methods gave similar results. Our method is simple and accurate and can be used in both freshwater and marine studies. This procedure is particularly recommended for EHP determination in highly eutro-phic waters where the Pi concentration exceeds 25 hg P liter-l.
